People often ignore or misunderstand information that would help them make better decisions. For products that differ by concentration level, a critical choice concerns the correct dosage rate. We study the effects of changing glyphosate product concentration levels on farmers' glyphosate usage behavior. Glyphosate is the world's most widely used herbicide. After glyphosate went off patent in 20 0 0, product variants with higher concentration levels entered the market. Using detailed farm-level glyphosate use data in U.S. corn and soybeans over the period 1998-2011, we estimate the impact of product concentration levels on glyphosate application rates. We control for prices and other sources of heterogeneity by means of individual and time fixed effects. Our findings indicate that increasing the baseline concentration level by 10% increases the application rate by nearly 6%, despite the fact that labels on more concentrated products provide instructions on how to correctly adjust dosage rates downwards. We attribute part of the concentration effect to rational behavior and part of it to label confusion and/or habit, with smaller farms and late adopters being more likely to resort to habit. A counterfactual simulation predicts that label confusion and/or habit was responsible for a 4.6% increase in total glyphosate use and an additional $59 million per year (4.7%) in glyphosate sellers' revenues.
Introduction
Seemingly innocuous and subtle changes to the formulation and packaging of products may lead to significant changes in consumption behavior ( French et al., 2001; Geier et al., 2006 ) . Simply doubling the portion size of a food offering, for example, can increase consumption by as much as 35%, and this effect is even present for less palatable foods ( Wansink, 1996; Zlatevska et al., 2014 ) . Although these issues have been explored widely for food consumption decisions, they have received far less scrutiny in other contexts. Notwithstanding, products ranging from detergents, to medications, to various pesticides are subtly differentiated, and companies often change how such products are packaged, formulated, and presented. The concentration level of a product may be particularly important. Anecdotal evidence points to dosing confusion for concentrated detergents ( Consumer Reports, 2012 ) , and survey evidence suggests that acetaminophen label confusion can unintentionally specific fixed effects. We find that there is a robust and large positive effect of glyphosate concentration levels on the application rate.
The initial estimate we obtain for the concentration effect is subject to certain limitations. One drawback is that we cannot control for all individual and time-varying factors that affect application rates. If such factors were correlated with the choice of which concentration to use, then the model estimates may be biased. For example, when a farmer needs to spray at high rates because of inordinate weed pressure, they may save on storage and transportation costs by using a smaller quantity of more concentrated product. Without controlling explicitly for weed pressure, the coefficient of interest may be biased upwards. More generally, a farmer's choice of which concentration to purchase may be a function of the dosing rate they intend to use. Several robustness checks address these concerns, but some potential biases may persist. Thus, the next two stages of our analysis explore the data in alternative ways that avoid many of these limitations.
As noted, the most frequently chosen application rate for more concentrated products is 32 fl oz/acre, the pre-patentexpiration "usual" rate. This is despite the fact that 32 oz/acre is not explicitly recommended on the labels of these products. The second stage of our analysis, therefore, consists of estimating whether certain farmer characteristics were correlated with the choice of 32 oz/acre. We also consider the relationship between these same factors and the use of the (recommended) standard 0.75 lb/acre rate, which requires knowledge of label information. In short, we find that larger operations and early adopters were significantly less likely to use 32 oz/acre. Conversely, these same types of farmers were more likely to use the standard rate of 0.75 lb/acre. These findings reinforce some previous research that points to greater information acquisition in new technologies by early adopters and larger farms (see, e.g., Feder and Slade, 1984; Diederen et al., 2003 ) .
In the third and final stage of our analysis, we look further into the issue of whether there were real benefits to using products that are more concentrated if one were planning to apply glyphosate at higher rates. To do so, we identify a subset of farmers that we term "rationally attentive. " These are producers who early in the sample applied new, more concentrated glyphosate products at the recommended standard rate of 0.75 lb/acre. By applying more concentrated products at the standard application rate, these individuals not only demonstrated an awareness of the changes, but also a willingness to learn the new rate and apply that knowledge in the field. We then estimate the relationship between application rates and concentration levels for this subgroup during the 2003-2011 period. We find that even "rationally attentive" individuals use more concentrated products at higher rates. Thus, part of the positive concentration effect appears to be the result of deliberate behavior. However, we also find that the impact of glyphosate concentration on application rates is significantly smaller for rationally attentive farmers compared to the rest of the population, which is consistent with the presence of mechanisms such as label confusion and habit. Using the model estimates for the rationally attentive individuals, we simulate a counterfactual scenario in which all individuals are held to be rationally attentive. The simulation predicts that label confusion and/or habit increased farmers' glyphosate expenditures (revenues for glyphosate sellers) by (at least) $59 million per year, the vast majority of which went to Monsanto.
The rest of this paper proceeds as follows. First, we provide further details on the history of glyphosate, market trends following the expiration of Monsanto's patent, and information concerning glyphosate formulations as well as application rates and their relationship to concentration rates. Next we present the basic econometric framework, followed by a description of the data and initial regression results. We then investigate the factors associated with using 32 oz/acre and 0.75 lb/acre. We follow this with the development of a strategy for decomposing the concentration effect. We then report and compare results for rationally attentive and all other individuals, followed by a counterfactual simulation of glyphosate use and revenues. Finally, we provide concluding comments.
Glyphosate
Glyphosate was introduced commercially in 1974 by Monsanto Co. as Roundup®. It is a powerful, broad-spectrum herbicide with favorable environmental properties (e.g., low toxicity). 1 As such, it quickly gained commercial success among agricultural producers, but its use was limited by its non-selective properties (i.e., glyphosate was also toxic to crops). Growers primarily used it prior to planting or in circumstances where crop exposure could be avoided ( Duke and Powles, 2008 ) . These limitations were lifted with the adoption of genetically engineered glyphosate tolerant (GT) crops, first introduced in 1996. Farmers could now apply glyphosate on fields with GT varieties after the crop had emerged (i.e., post-emergence) without causing crop injury. The incentives for farmers to adopt GT varieties were compelling. Before the advent of GT crops, a typical producer had to use multiple herbicides, each able to treat a small range of weeds, at different stages of the planting process, and often had to supplement those herbicides with mechanical cultivation. By contrast, the GT crop production system was simple and effective: a grower could plant the crop and then rely exclusively on post-emergence applications of a single herbicide (glyphosate). 2 Rapid diffusion of GT crop varieties resulted in a massive expansion of glyphosate use, turning it into the most widely used herbicide in the world. In the United States, where the adoption of GT crops currently exceeds 90% of acres in corn, soybeans, and cotton, total agricultural glyphosate use exceeded 284 million pounds in 2014, a more than twenty-fold increase from 1992 ( USGS, 2017 ). Glyphosate use in corn and soybeans alone accounted for about 73% of total US glyphosate use. In 20 0 0, Monsanto's patent on glyphosate expired, and in the years that followed significant changes took place ( Table 1 ). The number of companies producing glyphosate expanded from one to 30 while the number of products rose from six to more than 70. The number of concentrations rose from four to a maximum of nine in 2007 before settling at six in 2011. Monsanto's hold on the industry declined considerably as well, as evidenced by the fact that the Herfindahl-Hirschman Index (HHI) of market concentration declined from 1.00 in 1999 to a low of 0.197 in 2010. The increased competition, in turn, led to a significant decline in glyphosate prices, from $12.42/lb in 20 0 0 to $4.74/lb in 2011. At the same time, the amount of glyphosate applied per acre increased by over 30%.
Products and formulations
A glyphosate product formulation has three components: the amount of parent acid (i.e., glyphosate), salt, and proprietary components. A typical product label lists the amount of active ingredient (ai) in lb/gal, the type of salt, and the amount of acid equivalent (ae) (also in lb/gal). The ai/gal differs from the ae/gal because the former includes the salt. The most important component is the ae concentration. Two glyphosate products with different ai concentrations but the same ae concentration will perform essentially the same. Differences in the salt and proprietary components-inert ingredients like surfactants and defoamers-do not seem to generate significant differences in effectiveness ( Mueller et al., 2006; Mahoney et al., 2014 ) . 3 Prior to the year 20 0 0 there was essentially one glyphosate formulation: Monsanto's Roundup Ultra®, which contained 3 lb ae/gal of glyphosate. Upon expiration of its patent, Monsanto introduced Roundup UltraMax®, a new glyphosate formulation with 3.7 lb ae/gal. In subsequent years, Monsanto and their competitors introduced several other formulations. Ultimately, six different concentration levels emerged on the market: 3 lb ae/gal, 3.7 lb ae/gal, 4 lb ae/gal, 4.17 lb ae/gal, 4.5 lb ae/gal, and 5 lb ae/gal (henceforth, when we write "lb/gal", we are referring to ae and not ai).
Application rates
The glyphosate application rate is defined as the amount (pounds) of glyphosate ae applied per treated acre. The product label for each of the different commercial formulations contains instructions for the recommended application rate. The recommended rate may vary depending on the crop, time of application, weed type, and weed height. For example, the recommended rate for the treatment of taller weeds may be greater than the recommended rate for comparatively smaller weeds. 4 The general standard recommended field rate-the rate recommended for most situations-has historically been 0.75 lb/acre. Because different products may contain different ae concentrations, a farmer needs to appropriately adjust the product-specific rate -the rate in fl oz/acre-needed to achieve a particular field rate. The product-specific rate required to achieve the standard field rate of 0.75 lb/acre is given by
, 3 Nonetheless, firms rely on proprietary components as a product differentiation strategy in their marketing effort s. 4 See Table A1 in the Appendix for the recommended label rates of different popular products on the basis of weed height. where x is the application rate expressed in fl oz/acre. For example, the product rate for the classic 3 lb/gal formulation is 32 fl oz/acre, and the product rate for a 4 lb/gal formulation is 24 fl oz/acre. Table 2 provides the product rate needed to achieve the standard rate of 0.75 lb/acre and the 1.5 dose rate of 1.13 lb/acre for each of six popular formulations. Note that these numbers reflect what is written on the label and are thus not always an exact conversion to 0.75 lb/acre. Some of the more concentrated products actually recommend rates that imply a slightly higher rate than 0.75 lb/acre -e.g., the recommended rate on 4.5 lb/gal formulations is 22 oz/gal, which implies an acre-rate of about 0.77 lb/acre.
Different application rates with different concentrations
Without further information, it might be expected that glyphosate application rates would not differ significantly across concentration levels: farmers should adjust their application rates in accordance with label recommendations. However, various patterns in the data suggest that such adjustments were often not made. 5 One indication is the overall trend in application rates. As the market became increasingly saturated with higher concentration products, application rates rose significantly. Between 1998 and 2011, the mean application rate rose from 0.73 lb/acre to 0.89 lb/acre, a 22% increase ( Fig. 1 ) . During the same time, the quantity share for products with 3 lb/gal fell from 99% to about 26%.
More detailed evidence on the drivers of these trends is provided in Table 3 , which presents mean application rates and mean prices for the three most commonly purchased concentrations from 1998 to 2011. Three stylized facts emerge from these numbers. First, more concentrated products were applied at significantly higher rates and this difference was fairly stable over time. Second, and relatedly, the prices of the different formulations cannot explain these differences. In other Note : Product concentration level in parentheses. The "Standard Rate" is the product specific rate for the standard field rate of 0.75 lb/acre and the "Historical Rate" is the pre-patent expiration standard rate of 32 oz/acre for 3 lb/gal products.
words, for most of the sample, more concentrated products were priced higher per unit acid equivalent. Finally, there is also a general upward trend in application rates for all concentrations over time. This is in part likely due to falling prices, but there is a particularly sharp rise in the final two periods, which may in part be explained by rising crop output prices, which raise the marginal value of yield-enhancing inputs (such as herbicides), and/or the gradual onset of glyphosate weed resistance. The latter refers to weed species that have evolved tolerance to glyphosate, an issue which began to emerge in the mid 20 0 0s and has become increasingly problematic in recent years ( Perry et al., 2016b ) . Producers have responded by supplementing glyphosate with other herbicides, or in some cases by increasing the glyphosate application rate.
Historical inertia: 32 fluid ounces
A particularly revealing piece of evidence is the distribution of application rates across different concentrations. Fig. 2 contains histograms of application rates for six of the most popular commercial glyphosate products in our sample. The red line marks the standard application rate -which ranges from 20 to 32 oz/acre -for each product. As expected, there is significant clustering at the standard rate for all products. However, what it is more remarkable is the clustering that occurs at the green line, which marks the rate of 32 fl oz/acre, the historical product rate for a standard application of 3 lb/gal products. This clustering occurs for all products in Fig. 2 , and we found it to occur also for virtually every product not shown here. The clustering is also fairly stable over time. In the Appendix, we present additional histograms for each concentration level over time ( Figure A1 ). For some concentrations, the frequency of 32 ounce applications actually increases over time, and in some cases there is evidence of farmers possibly misapplying products at rates other than 32 ounces. For example, a substantial fraction ( ∼20%) of farmers applied Touchdown HiTech (5 lb/gal) at 24 oz/acre, which is the standard rate for Touchdown Total (4.17 lb/gal).
What exactly the clustering at 32 fl oz/acre indicates is an open question. At the very least, it indicates that a heuristic or habitual component was present. With the exception of 4.5 lb/gal formulations, the rate of 32 fl oz/acre has no obvious rationale other than that it is what farmers had always used. For all concentrations besides 3 and 4.5 lb/gal products, the annual weed rate tables for different products never explicitly suggest 32 ounces (see Table 2 and Table A1 ). Whether pure error was involved is hard to establish. Another thing to note is that the clustering occurred early in the 20 0 0s, well before glyphosate resistance was an issue, and before glyphosate prices had drastically fallen. Consider, for example, that the share of applications that exceeded 0.8 lb/acre was 0.14 in 1998, 0.12 in 1999, 0.13 in 20 0 0, and then increased to 0.21 in 2001 and 2002 upon the widespread adoption of Roundup UltraMax® (3.7 lb/gal). This happened concurrently with a slight increase in mean prices from 20 0 0 to 20 01. Overall, these facts are difficult to reconcile with a full-information, rational model of behavior. Nonetheless, there may be other factors that contributed to the trends in, and clustering of, application rates. In particular, more systematic control is desirable for factors such as unobserved farmer heterogeneity, prices, and weed pressure.
Empirical methods
We now examine more systematically whether changes in the concentration level of glyphosate products led to changes in usage behavior. We do so by first estimating how the application rate varies in response to the concentration level, while controlling for prices, individual heterogeneity, generic product dummies, the timing of application, the crop, and time effects.
The unit of observation is an application of a specific glyphosate product to a particular field. A field is defined as a unique combination of the seed planted, the tillage system used, and the sequence of herbicide products used. It is also possible for a field to receive more than one glyphosate application. 6 Denote an application by i , a farmer by f , and a year by t . We estimate regressions of the following form:
where y ift is the glyphosate application rate (lb ae/acre), z ift is the concentration level of the glyphosate product used in application i (lb ae/gal), and x ift is a vector of controls which include: the price of glyphosate ($/lb), dummy variables for whether or not the product is generic, the type of crop, and whether glyphosate is applied pre-emergence (before the crop sprouts). The "generic" dummy controls for the possibility that farmers perceive generic products as less effective and therefore compensate by increasing application rates. Although peer-reviewed studies find no significant differences in efficacy between generic and non-generic products ( Hartzler et al., 2002; Mahoney et al., 2014 ) , anecdotal evidence via web-based forums suggests that some farmers are wary of generic products, particularly those not produced in the United States. 7 As noted, previous work has shown that some individuals are willing to purchase non-generic medications at a price premium, despite having the same ingredients. Lastly, the pre-emergence dummy controls for the fact that post-emergence applications are typically more re-active and thus weed height may tend to be higher, resulting in higher application rates.
The main component of interest is the function of the concentration level, g ( z ift ). We consider two different specifications of this function. First, we postulate a linear relationship between the concentration level and the application rate, that is g( z i f t ) = αz i f t . This specification implies that concentration levels do not impact the application rate if α is not statistically different from zero. Alternatively, we estimate the dummy-variable specification g( z i f t ) = j γ j D i j , where j ∈ {3.7, 4, 4.17, 4.5, 5} indexes the concentration level of the glyphosate product and D ij is a dummy variable equal to one if a product with concentration j was applied on plot i (zero otherwise). In this case, the concentration level is simply a concentration-specific intercept shifter (relative to the base concentration level of 3 lb ae/gal). As such, it is more flexible when compared to the linear specification. Because we set the 3 lb/gal concentration as the reference formulation, higher concentration levels impact application rates if we obtain statistically significant estimates for the respective γ j coefficients.
The model also includes time and farmer fixed effects ( μ t and λ f , respectively). Time effects control for unobserved, commonly shared shocks that influence the application rate. Two examples include crop output prices and glyphosate weed resistance. Both potentially increase the application rate and, because they increased later in the sample, are positively correlated with applied concentration levels. Farmer fixed effects control for time-invariant unobserved heterogeneity at the farm level. For instance, they control for the possibility that growers who apply glyphosate at higher field rates prefer to use more concentrated products, perhaps to better manage higher application costs. The impact of concentration levels on the application rate is identified by variation within farmers' application rates across different products. It is important to be clear about what we are not identifying. We cannot explicitly control for unobserved factors that are individual or field specific and that vary over time. Moreover, it may be the case that when producers plan to spray at higher rates, they deliberately use more concentrated products. Why might this be? One possible reason is that, by entailing smaller volumes (ceteris paribus), more concentrated products may have lower storage and/or transportation costs. Alternatively, farmers may simply prefer to adjust their rates through discrete product changes (holding the product rate fixed) rather than through product rate adjustments for a given product. For example, a farmer wanting to use the product rate they have become accustomed to (e.g., 32 oz/acre), but also increase rates, could jump from a 3 lb/gal product to 4.5 lb/gal product. These possibilities have at least two implications for our analytical framework. First, if there are indeed unobserved factors correlated with both the chosen concentration level and the dosing level, then the estimated concentration coefficients may be biased. Second, even supposing that the estimated concentration coefficients are unbiased, their interpretation is complicated by the possible existence of complementarities (e.g., cost savings) from using more concentrated products at higher rates. In such a case, the estimated coefficients on the concentration variable(s) will potentially reflect both cost savings and farmers not using label information. Some of these issues are addressed through robustness checks in the Appendix. In any event, in the first stage of our initial analysis, our main goal is to establish whether the observed correlations between concentration and dosing rates can be explained by prices, the type of products, or the other controllable factors. Next, in the second stage of our analysis, we avoid some of these issues by focusing on the factors associated with the dosing choices of 32 oz/acre and 0.75 lb/acre. Finally, in the third stage of our analysis, the regression model of Eq. (1) is extended to look further into whether the estimated effect on the concentration variables represent deliberate choices or whether some farmers did not make use of label information.
Results
The baseline econometric analysis relies on a large sample of farm-level data on applications of glyphosate in U.S. corn and soybean production over the period 1998-2011. The commercial name of the dataset is AgroTrak®, which was constructed by GfK Kynetec, a unit of a major market research firm. 8 Each year GfK conducts computer-assisted telephone interviews of farmers throughout the United States. The sampling procedure is designed to be representative at the crop reporting district (CRD) level, a multi-county sub-state region identified by the National Agricultural Statistics Service (NASS) of the U.S. Department of Agriculture (USDA). Farmers are surveyed in detail about the pesticide products they used: which ones, how much, when they were applied, on what crops, and the prices paid. Further details about the dataset are provided in the Appendix (see Data Description and Tables A2-A5) .
While producers report all of the pesticides they used, here we only employ observations in which glyphosate was used. This results in 191,789 observations across an annual average of 5228 farmers. We further trim this dataset in two ways. First, a small share of glyphosate products are pre-mixes (products that contain glyphosate and at least one other herbicide mixed together). Because our focus is on glyphosate as a standalone product, we drop these observations, reducing the dataset to 185,377 observations. We also drop products with concentration levels that were seldom observed (595 observations). 9 Overall, our final dataset consists of 184,782 observations across 31,417 distinct farmers across 284 CRDs. Importantly, for many individuals we observe multiple periods, which allows us to control for unobserved heterogeneity through farmer-specific fixed effects. This feature is also necessary for the second stage of our empirical analysis, where we compare usage rates over time between subsets of individuals. Table 4 provides summary statistics for the model variables. The mean and median application rates were 0.82 and 0.75, respectively. The latter is consistent with 0.75 lb/acre as the standard rate. The mean concentration level was 3.58 lb/gal, with a maximum of 5 lb/gal. The dummy variables for each of the different concentrations inform on the frequency with which they were used. The top concentrations were 3 lb/gal at 54% of applications, 4.5 lb/gal at 26%, and 3.7 lb/gal at 10%. For the remaining variables, the mean price, which is deflated by the USDA crop sector index for prices paid by farmers, was $12.61/lb, 41% of applications were on corn, 27% were pre-emergence, 47% were on no-till fields, and 42% of products were generic (i.e., non-Monsanto products). 10 Table 5 contains results for the two main regression specifications. Overall, the parameters are tightly estimated and the signs for the non-concentration variables are broadly consistent with expectations. The price coefficient is negative and highly significant. Its magnitude implies that a real $10 decrease in the price of glyphosate increases the application rate by 0.034 lbs/acre, or just a bit under 5% of the standard rate. From 1998 to 2011, the mean real price of glyphosate fell by about $24/lb, implying that prices accounted for about 0.08 lb/acre of the increase in application rates. Applications on corn show slightly lower glyphosate use than on soybeans. This can possibly be explained by the fact that early canopy closure in corn helps weed control. Pre-emergence application rates were lower than post-emergence application rates, confirming that, on average, weed pressure tends to be more problematic at the post-emergence stage. Finally, and having controlled for price differentials, generic products were applied at statistically significantly higher rates when compared to non-generics (i.e., Monsanto products). Although the difference is small in magnitude, it suggests that some farmers are either unaware of existing studies on the efficacy of generic versus non-generic products, or do not believe the results of such studies. This finding complements some previous work that has shown consumers to purchase non-generic medications at a significant price premium ( Handel and Schwartzstein, 2018 ) .
The concentration coefficients are statistically significant and large in magnitude. The linear specification implies that a 1 lb/gal increase in the concentration level increased the application rate by over 0.14 lb/acre, or about 19% of the standard rate of 0.75 lb/acre. The dummy variable specification produces coefficient effects that are nearly the same as those implied by the linear specification. For example, the coefficient for dummy variable D 4 implies that, relative to the baseline 3 lb/gal formulation, adding 1 lb/gal of glyphosate increases the average application rate by 0.145 lb/acre, while the coefficient for the dummy variable D 5 implies that adding 2 lb/gal of glyphosate increases the average application rate by 0.276 lb/acre. Overall, these magnitudes explain a significant share of the overall increase in application rates over time. Multiple robustness checks were conducted to ascertain the sensitivity of the baseline regression results. These robustness checks consist of the following: adding different sets of fixed effects, removing potentially endogenous controls, estimating separate models for generic and non-generic products, and removing outliers. Overall, the estimation results from these alternative specifications demonstrate the same patterns as those presented in Table 5 . For further details and description, see Robustness Checks in the Appendix, as well as Tables A6 and A7.
Factors associated with the "Usual" 32 ounce rate and the standard 0.75 lb/acre rate
As noted, one limitation of the baseline regression approach is that we cannot control for unobservable factors that are individual and time specific. However, even if farmers deliberately use more concentrated products when applying glyphosate at higher rates, the previously demonstrated clustering at 32 ounces indicates that farmers likely use a "rule of thumb" in choosing their rates. The characteristics that are correlated with these choices are therefore of interest in their own right. Unfortunately, our dataset limits the set of characteristics we can investigate: we do not directly observe variables of possible interest such as farm size, education, or age. But we do observe how many acres a farmer planted to each crop, the county where a farmer is located, whether a farmer was an early adopter of a new glyphosate product, and the length (in years) of experience a farmer had with a particular concentration. In this section, we estimate linear probability models that relate each of these characteristics to two types of application rate choices with more concentrated products: (i) the pre-patent-expiration product-specific rate of 32 oz/acre and (ii) the standard field rate of 0.75 lb/acre.
Previous research has generally found that factors such as larger farm size, education, and experience are associated with early adoption of new technologies and information acquisition (see, e.g., Feder and Slade, 1984; Diederen et al., 2003 ) . These findings suggest that certain types of farmers will be more likely to choose the historical usual rate of 32 oz/acre. Specifically, if we view the choice of 32 oz/acre with more concentrated products as the habitual choice, then existing research suggests that larger operations, early adopters of new products, and more experienced users will be less likely to choose this rate. Conversely, choosing an application rate of 0.75 lb/acre with more concentrated products requires greater acquisition of information, which suggests that larger operations, early adopters, and experienced users will be more likely to use 0.75 lb/acre. Table 6 contains summary statistics for several characteristics of interest. The first five rows illustrate the distribution of observations pertaining to each product concentration by acres planted. The remaining rows contain average corn and soybean yields, as measured by NASS county average data, as well as the frequency of use in the central corn belt (CCB) by product concentration. 11 Two patterns are apparent in Table 6 . First, larger operations are more likely to use more concentrated products. For example, 17% of 3 lb/gal product users planted less than 100 acres versus 13% of 4.5 lb/gal product users. Conversely, relatively more users of 4.17 and 4.5 lb/gal products were larger operations. Second, regions with higher yield per acre tend to use more concentrated products. The exception to these regularities is for 5 lb/gal products, which seem to be an outlier among the more concentrated products. This concentration level was introduced later in the sample and was used by very few farmers. Additional details and statistics on the factors associated with chosen concentration levels are provided in the Appendix (see Table A8 ).
To estimate the linear probability models, the distribution by farm size presented in Table 6 is converted into indicator variables that take a value equal to one whenever a farmer planted within the given acre range. For example, the indicator 11 The CCB includes IA, IL, IN, and the southern agricultural CRDs in MN and WI. variable ( < 100) takes a value of one if a farmer planted less than 100 acres in soybeans (or corn). The two types of application rate variables are created as follows. First, we create an indicator variable equal to one for each observation in which the application rate was 32 fluid ounces per acre, or what may be thought of as the pre-patent-expiration "usual" rate. For these observations, we restrict the analysis to 3.7, 4, 4.17, and 5 lb/gal products. We (conservatively) omit 4.5 lb/gal products because 32 ounces is the suggested rate for the 1.5x dose for this product, and thus a reasonable focal point adjustment for farmers who sought a more potent dose. We create a second indicator variable that takes the value of one whenever the standard application rate of 0.75 lb/acre is used. In this case, the analysis is restricted to all concentrations exceeding 3 lb/gal. Summary statistics and additional description for each of these dummy variables are provided in the Appendix (see Summary Statistics for 32 oz/acre and 0.75 lb/acre Application Choices and Tables A9 and A10 ). About 30% of applications were 32 oz/acre and about 30% were also 0.75 lb/acre. Because the panel is not balanced, in order to estimate models with an early adoption variable, the analysis was restricted to subsamples of farmers from specific years. 12 We estimate models for two such subsamples. In one case we look at surveyed farmers from 2001, with early adopters being coded as those who used Roundup UltraMax (3.7 lb/gal). In a second case, we estimate a model using the 2003 subsample of farmers, with early adopters being coded as those who used Roundup WeatherMAX (4.5 lb/gal). 13 Table 7 reports results for these regressions. The first three columns contain results for the 32 oz/acre rate regressions and the last three columns report results for the standard 0.75 lb/acre regressions. Overall, a strong pattern emerges: larger operations are significantly less likely to use the usual 32 oz. rate. For example, a farmer that planted more than 10 0 0 acres in corn or soybeans was anywhere from just under 14% to over 15% less likely than a farmer with less than 100 acres to use the 32 oz. rate. Columns 2 and 3 indicate that early adopters were also significantly less likely to apply glyphosate at 32 oz/acre. Early adopters from 2001 were over 5% less likely to use the usual rate (compared to their 2001 cohort), and 2003 early adopters were nearly 11% less likely to use the usual rate (compared to their 2003 cohort). There is also limited evidence of experience reducing the likelihood of the 32 oz. rate: the experience coefficient is negative and significant in the first column but insignificant in the second and third columns. Farmers in the CCB were also less likely to use a 32 oz. rate in two of three specifications.
The estimation results for the "standard" rate dummy variable models (columns 4-6) mirror the "usual" rate results of columns 1-3: larger operations and early adopters are significantly more likely to use the standard rate. In two cases, experience with a product increases the likelihood of using the standard rate. CCB farmers are not significantly different from non-CCB farmers.
Overall, these results suggest that using a "rule of thumb" is significantly more likely among small farms and late adopters, whereas using the standard rate, which requires the acquisition and implementation of label information (either acquired from the label itself or from someone familiar with the label), is significantly more likely among large operations and early adopters.
Was rational behavior or label confusion behind the concentration effect?
An important question remains: why do U.S. corn and soybean farmers apply more concentrated products at significantly higher rates? More specifically, is the positive association between concentration and the application rate the result of error and/or label confusion, or rather the result of farmers deliberately choosing to use more concentrated products at higher rates (e.g., for cost reduction reasons)? The evidence so far suggests that both mechanisms may play a role. The fact that 32 oz/acre appears so often in the data, and the fact that application rates increased substantially well before significant price declines, and before the emergence of glyphosate weed resistance, suggests that behavioral and/or inattentive elements played a role. A behavioral element is also indirectly implicated by the results from the analysis of factors related to what type of rate is chosen (the "usual" rate or the "standard" rate). On the other hand, the positive correlation between planted acres and concentration levels leaves open the possibility of cost savings. To answer this question satisfactorily would require more information about farmers' knowledge of each product, as well as further details about their decision processes concerning both why they chose a particular concentration and why they chose a particular rate. We can nonetheless use the panel aspect of the data to gain insights into this issue. Specifically, we conduct an exercise that uncovers differences in usage tendencies between a population of farmers that are likely informed about proper rates and a population of farmers that likely includes some individuals that are uninformed or inattentive. The exercise is as follows.
First, we identify a subset of farmers we term "rationally attentive. " These are farmers who, early on, applied new glyphosate products at the (recommended) standard rate. Specifically, we identify the subset of farmers that applied Roundup UltraMax®, which contains 3.7 lb/gal of glyphosate, at the standard acre rate of 0.75 lb/acre in the years 20 0 0-2002. We then compare the behavior of this subset of farmers to all other farmers during the period 2003-2011. 14 In particular, we estimate the dummy variable version of Eq. (1) , but allow for all coefficients to differ for each sub-group during the 2003-2011 interval. 15 In total, we observe 9119 applications across 909 rationally attentive individuals, and 132,065 applications across 22,004 other individuals.
We select farmers that used Roundup UltraMax® at the standard rate for two reasons. First, a standard dose for Roundup UltraMax® is 26 fl oz/acre. Because this dose rarely occurred with 3 lb/gal products, there is little possibility that a farmer's choice of this rate was the result of a mistake or habit. By choosing this application rate an individual clearly demonstrates knowledge of the appropriate rate and a willingness to adjust their behavior. The second reason is more practical -Roundup UltraMax® is the first major product with a different concentration rate. Thus, by using it as an identifier for rationally attentive behavior, we still have nine years left in our sample to compare the behavior of rationally attentive individuals with the rest of the population. 16 In allowing for different coefficients for each population, we aim to learn two things. First, if the concentration coefficients for rationally attentive farmers are still positive and significant then this would suggest that there are genuine reasons (cost reduction, perhaps) for using more concentrated products at higher rates. 17 Second, if label confusion existed for some farmers, then we would expect the estimated concentration coefficients for rationally attentive farmers to be smaller than the same coefficients for the general population. The basic idea is that the general population will consist partly of rationally attentive farmers and partly of non-rationally-attentive farmers, by which we mean those farmers that are other than rationally attentive, i.e., everyone else. The regression estimates will therefore consist of a mixture of the concentration effects for these two subgroups and thus exceed the estimates for rationally attentive farmers if there is label confusion among non-rationally attentive farmers. Table 8 presents summary statistics for each of the two groups (see Figure A2 for the geographical distribution of rationally attentive farmers). Overall, the means are similar in magnitude but differ statistically in most cases. Rationally attentive 14 We use the 2003-2011 sub-period because if we used the entire period then the coefficients for the rationally attentive individuals would have downward bias by construction. Put differently, rationally attentive individuals are precisely those individuals for whom we do not observe a concentration effect in the 20 0 0-20 02 interval. 15 Specifically, we estimate a pooled regression but allow for the variable coefficients to differ by sub-group. 16 As an alternative, we use Roundup WeatherMAX® in 2003 and 2004 for identifying rationally attentive behavior. Results for this procedure are provided in Table A11 of the Appendix. In short, we find similar results.
17 The caveat to this is that rationally attentive farmers may still err later in the sample with other products. Our underlying assumption is that this is going to be a relatively rare occurrence. individuals purchase fewer products with 3 lb/gal, instead opting more frequently for 4.5 lb/gal products. They are also less likely to purchase generics and they tend to purchase products with slightly higher prices. Rationally attentive farmers also tend to have larger operations: only 9.6% of operations are less than 100 acres, compared to 15% for everyone else. Conversely, more than 46% of their operations were greater than 500 acres, compared to just under 40% for everyone else. Table 9 reports the coefficients (and standard errors) for each of the two sub-groups, as well as their differences, estimated with a pooled regression model. Overall, the coefficients are tightly estimated. For variables other than concentration levels, the coefficients are similar (the difference between the two groups is not statistically significant).
For the concentration parameters, two findings emerge. First, even rationally attentive individuals apply glyphosate at higher rates with more concentrated products. The effect is relatively stable across products, with the exception of 4.5 lb/gal products, for which the concentration effect is 0.17 lb/acre. One potential explanation for this is that the 1.5x standard dose for 4.5 lb/gal is 32 fl oz/acre, the historical "usual" rate for 3 lb/gal products. Thus, farmers wanting to use a higher rate, but still use 32 fl oz/acre, may have jumped to a 4.5 lb/gal product.
The second finding is that the concentration effect for rationally attentive individuals is considerably lower than the effect for all other individuals, and these differences are statistically significant. 18 In most cases the coefficient is about 30% lower. For 5 lb/gal products, the effect is nearly 66% lower. Overall, we interpret these differences as evidence that part of the concentration effect was due to label confusion, error, habit, or some combination of these mechanisms. A possible alternative explanation is that these differences are due to differences in the structure of cost savings between the two Correia (2016) .
a The results in this column were obtained by summing the "Everyone Else" and Difference column coefficients, which were obtained using a pooled regression. Standard errors computed using the delta method.
* p < 0.10. * * p < 0.05. * * * p < 0.01.
populations. One possibility we considered is that the same pattern would emerge if we estimated the concentration models separately for each acres planted range, the idea being that cost savings would differ by the size of operation. We found, however, that concentration coefficients, while slightly different, did not differ significantly by size of operation, and are nowhere near the extent of the differences presented in Table 9 . Overall, this suggests that the differences are likely due to a greater frequency of label confusion, error, or habit in the general population.
Some implications
Using our estimates from Table 9 , we simulate two counterfactual scenarios: one in which all growers behave as "rationally attentive" individuals, and one in which the concentration level does not impact the application rate. The latter scenario is simulated to give an upper bound on the concentration effect. As previously discussed, part of the concentration effect may be due to a complementarity effect: using more concentrated products at higher rates may offer costs savings. Thus, the "No Concentration Effect" simulation may be viewed as informing on the scenario in which both behavioral and complementarity effects are absent.
We simulate two variables of interest: total annual glyphosate use and total annual glyphosate expenditures by farmers. In running these simulations, we are implicitly assuming that agrochemical firms would not have adjusted their product lines or prices in a world where farmers' glyphosate demand is adjusted as per the scenarios considered. The fact that the glyphosate market became largely competitive with the expiration of Monsanto' patent suggests that this assumption of unchanged prices is plausible.
Counterfactual use and costs
For each observation, we compute predicted glyphosate use under three scenarios, denoted by h = 1 , 2 , 3 . Predicted glyphosate use for application i , by farmer f , in year t , and for scenario h , is written as
where ˆ y h i f t is the predicted application rate using the estimated parameters under scenario h and a ift is the observed number of treated acres during application i . Total annual glyphosate use is obtained by summing over applications and individuals: even after controlling for prices, unobserved heterogeneity, time effects, and several other controls. We further explore the behavioral sources of this effect, and attribute part of it to rational behavior and part of it to label confusion and/or habit. In recent years, the preponderant view among economists about the ways that economic decisions are made has shifted from that of rational and consistent choice to a broader perspective where ostensibly non-rational and inconsistent choices can persist. These types of choices have been increasingly recognized as emanating from situations where information is incomplete, resources are limited, and complexity is high ( Simon, 1955; Handel and Schwartzstein, 2018 ) . As such, the best coping strategy -what may be viewed as individually rational under this broader viewpoint -may often involve heuristics that carry biases ( Kahneman, 2003 ) .
Modern crop farming is a technologically intensive business where producers must manage production, storage, distribution, and marketing, while also dealing with finance, weather, pests, regulations, and other hazards. Successful farming in the face of such complexity leaves latitude for apparent inefficiencies in some activities. For example, it was recently observed that farmers likely do not take out subsidized insurance at levels that would both increase farm profit and provide greater financial protection ( Du et al., 2017 ) . Prior to 20 0 0, the U.S. glyphosate market was simple both in form (essentially a monopoly) and in product formulation (just one concentration level). With emerging competition came alternative formulations, creating a more complex decision environment for farmers.
Our work suggests that the choices of some individuals were driven by behavior that is heuristic in nature. This is important for several reasons. First, it implies an opportunity to reduce the use of glyphosate without losses in efficiency. In addition to increasing profitability, policy approaches to reduce input use will mitigate any adverse effects that the chemical has on ecological and human health. More generally our work points to the need to investigate possible behavioral effects for other household products, medications and inputs where negative externalities are a major concern (e.g., antibiotic use in animal agriculture or acetaminophen products). Among recent trends in the global agrichemical industry have been the growth of firms producing off-patent herbicides and insecticides, the quest for novel uses of these pesticides, and effort s to penetrate markets in low-income countries where farmers cannot afford branded and patented products ( Weiss and Burger, 2017 ) . All else equal, label rate complexity is likely to have greater impacts in lightly regulated countries, where farm operators have lower educational attainment, and where herbicide application is commonly done by hand.
